Background: Current methods for assessing perinatal hypoxic conditions did not improve infant outcomes. Various waveform-based and interval-based ECG markers have been suggested, but not directly compared. We compare performance of ECG markers in a standardized ovine model for fetal hypoxia. Methods: Sixty-nine fetal sheep of 0.7 gestation had ECG recorded 4 h before, during, and 4 h after a 25-min period of umbilical cord occlusion (UCO), leading to severe hypoxia. Various ECG markers were calculated, among which were heart rate (HR), HR-corrected ventricular depolarization/ repolarization interval (QT c ), and ST-segment analysis (STAN) episodic and baseline rise markers, analogue to clinical STAN device alarms. Performance of interval-and waveform-based ECG markers was assessed by correlating predicted and actual hypoxic/normoxic state. results: Of the markers studied, HR and QT c demonstrated high sensitivity (≥86%), specificity (≥96%), and positive predictive value (PPV) (≥86%) and detected hypoxia in ≥90% of fetuses at 4 min after UCO. In contrast, STAN episodic and baseline rise markers displayed low sensitivity (≤20%) and could not detect severe fetal hypoxia in 65 and 28% of the animals, respectively. conclusion: Interval-based HR and QT c markers could assess the presence of severe hypoxia. Waveform-based STAN episodic and baseline rise markers were ineffective as markers for hypoxia. c ontinuous monitoring of the fetal heart rate (HR) is assumed to provide clinical information about the wellbeing of the fetus (1). Cardiotocography (CTG) allows noninvasive real-time assessment of fetal HR and its response to uterine contractions and is nowadays used in clinics worldwide. However, HR patterns in CTG are often not predictive for hypoxia (2). Introduction of CTG in clinics did not significantly reduce occurrences of neonatal death or cerebral palsy but did lead to an increase in caesarean sections (1). Consequently, analysis of the ECG ST waveform (STAN) was proposed as an additional analysis method. STAN assesses hypoxia-induced changes in the ST waveform of the ECG (3) and operates in conjunction with CTG. Implementation of STAN in clinical practice was initially associated with a beneficial reduction in hypoxia-induced outcomes (metabolic acidosis and moderate/ severe neonatal encephalopathy) compared to CTG alone (4). However, recent meta-analyses of clinical trials demonstrated no clear advantage of STAN with CTG over CTG alone with respect to primary outcomes (5,6).
c ontinuous monitoring of the fetal heart rate (HR) is assumed to provide clinical information about the wellbeing of the fetus (1) . Cardiotocography (CTG) allows noninvasive real-time assessment of fetal HR and its response to uterine contractions and is nowadays used in clinics worldwide. However, HR patterns in CTG are often not predictive for hypoxia (2) . Introduction of CTG in clinics did not significantly reduce occurrences of neonatal death or cerebral palsy but did lead to an increase in caesarean sections (1) . Consequently, analysis of the ECG ST waveform (STAN) was proposed as an additional analysis method. STAN assesses hypoxia-induced changes in the ST waveform of the ECG (3) and operates in conjunction with CTG. Implementation of STAN in clinical practice was initially associated with a beneficial reduction in hypoxia-induced outcomes (metabolic acidosis and moderate/ severe neonatal encephalopathy) compared to CTG alone (4) . However, recent meta-analyses of clinical trials demonstrated no clear advantage of STAN with CTG over CTG alone with respect to primary outcomes (5, 6) .
STAN markers are based on the shape of the ECG waveform. Other ECG markers for hypoxia detection have been suggested, namely, atrioventricular (AV) conduction delay (PR) (7, 8) , the relationship of AV delay and HR (PR/RR and PR-HR) (9, 10) and ventricular activation and repolarization (QT) (11) and HR-corrected QT (QT c,Bazett and Qt c,Hodges ), as well as heart rate variability (HRV) in the temporal and frequency domain. These markers are all interval-based, i.e., they use time intervals between characteristic points in the ECG. A major difference between waveform-based markers and interval-based markers is the dependency of the former on the projection angle of the ECG lead with the heart vector. Variation in orientation of the heart vector can lead to different results for waveform-based markers. An example based on the relative height of the T-wave with respect to the QRS complex (T/QRS ratio) is demonstrated in Figure 1 . Interval-based markers are less dependent on differences in projection angle and might perform better in detecting fetal hypoxia.
Direct comparison of ECG markers is hampered because the different markers have previously been studied under different circumstances. Therefore, we compare performance of waveform-and interval-based ECG markers for hypoxia in a standardized preclinical ovine fetal model of hypoxia-ischemia.
Blood gas measurements confirm a clinically relevant umbilical cord occlusion (UCO), with a decrease in partial oxygen pressure, an increase in partial carbon dioxide pressure, pH < 7.1 (Supplementary Figure S1 online), and bradycardia (Supplementary Figure S2 online). HR accelerates to above normal values within the first 15 min after resolution of the UCO. It then returns to almost normal values within the first hour after UCO and subsequently gradually increases again. Arterial pH values recover within the first hour. Arterial blood oxygen content directly rises after UCO and remains elevated during the first hour after UCO, whereas carbon dioxide content decreases to normal values within 10 min.
Classification Performance of ECG Markers
Interval-based markers for hypoxia generally performed better than waveform-based markers. HR, PR/RR ratio, and HR-corrected QT c,Bazett and QT c,Hodges markers demonstrate nearperfect behavior on the receiver-operating characteristic (ROC) curve (Figure 2) , which is reflected in the area under curve (AUC) value ( Table 1) . In contrast, both STAN-device analogue episodic and baseline T/QRS rise markers show AUC values close to random (0.50). This contrast is likewise visible in the degree of correlation between predicted and actual hypoxic/normoxic states. Interval-based HRV markers in the form of normalized low frequency (LF; 0.04-0.15 Hz) and high frequency (HF; 0.40-1.50 Hz) band autospectral power and waveformbased episodic and baseline T/QRS rise markers show a weak correlation (Matthews correlation coefficient; MCC ≤ 0.35) (12), whereas interval-based HR, PR/RR ratio, and both HR-corrected QT markers were strongly correlated (MCC > 0.67).
Identification of Hypoxic Individuals During UCO
Low sensitivity does not directly imply that on the individual level hypoxia will not be detected. We tested the individual detection rates based on the assumption that a single positive result during the UCO period would constitute a detection of hypoxia. Accumulative detection of individuals during UCO is shown in Figure 3 . The percentage of individuals with marker values indicating hypoxia at the 4-min mark, 12-min mark, and end of the UCO is shown in Supplementary Table S1 online. At the 4-min mark (pH < 7.1), hypoxia can be most clearly distinguished by assessing HR (96% of individuals), PR/RR ratio (96%), and Hodges' (91%) and Bazett's corrected QT length (90%). By 12 min of hypoxia (pH < 7.0), these markers identify 97 to 99% of the fetuses as hypoxic. Waveform-based STAN episodic and baseline rise markers for hypoxia do not perform well. Sixty-five and 28% of the severely asphyxiated individuals were not detected by the end of the UCO using these markers.
Baseline and Threshold Values
An overview of population mean baseline values and positive and negative threshold values for predicting hypoxic/normoxic state is shown in Supplementary Table S2 online. Alarms were produced when the change with respect to the baseline value exceeded the positive threshold or decreased below the negative threshold. HR and PR/RR ratio markers only produced alarms when values decreased below the negative threshold. The STAN-device analogue episodic and baseline rise markers only produced alarms when values exceeded the positive threshold. Other markers produced alarms above positive and below negative threshold values. Notably, the T/QRS ratio marker produced 53% of its alarms when it exceeded the positive threshold and 47% of its alarms when it decreased below 
DISCUSSION
Interval-based ECG markers generally performed better than waveform-based markers in detecting hypoxia in a standardized preterm ovine model for severe hypoxia-ischemia. The standardized period of complete UCO resulted in severe asphyxia which was characterized by acidosis. Hence, any potential clinically relevant marker was expected to deviate from baseline values at some point during UCO. Changes in interval-based HR, PR interval, PR/RR ratio, and Bazett's and Hodges' corrected QT correlated strongly with hypoxia. In contrast, waveform-based STAN episodic and baseline rise markers were only weakly correlated. Decreases in fetal HR with respect to baseline were found to be sensitive and specific for hypoxia in our model. HR decelerations are a well known effect of hypoxia but can also be due to other factors, such as maternal movement, uterine contractions, and fetal sleep cycles, limiting specificity of the marker in clinical practice (1) . Due to our experimental setup, the influence of nonhypoxic factors on HR was estimated to be less than within clinical settings, which led to near-perfect behavior based on the ROC curve.
Other interval-based markers were related to HR variability, both in the temporal and frequency domain. Depressed temporal HR variability correlates to acidosis, (13) and frequency domain-based normalized LF and HF HRV markers were likewise correlated to acidosis (14) . Temporal HRV was calculated as the SD of HRs of 5 min, and this is reflected in sharp transitions at the start and end of UCO (Supplementary Figure S3 online), when HR abruptly changes. The temporal HRV marker has a PPV of 38%, which indicates that low temporal HRV also occurs during baseline period and not only during UCO. PPV might be improved by determining temporal HRV over longer periods of time, but at the cost of sensitivity and time to detection. LF and HF HRV markers performed better than after their respective normalization by the total power in the 0.04-1.50 Hz band of the RR interval autospectrum. This contrasts with the findings by van Laar et al. (14) , who did not find significant hypoxia-induced changes in the LF and HF HRV markers but did find significant changes in their normalized counterparts. The different findings might be due to age of the subjects involved (term vs. preterm), which would indicate that domain-based HRV markers for hypoxia are age specific.
Changes in PR/RR ratio were found to be highly correlated to hypoxia. However, the specificity of the PR/RR ratio as a marker for hypoxia and acidemia has been disputed (15) . While the decrease in PR/RR ratio during UCO was clear, Westgate et al (15) concluded that under conditions of no or only mild acidosis a decrease in PR/RR ratio was a marker of reflex responses to HR decelerations and that it did not provide additional information concerning the metabolic reserves of the fetus.
PR interval reflects atrioventricular delay and was found to strongly correlate with hypoxia. AV delay was generally increased during UCO (Supplementary Figure S4 online) . Others have reported a decrease in AV delay due to hypoxia (8, 10) . It is tempting to postulate that the different duration and number of hypoxic events are responsible for the observed differences. More precisely, a single long occlusion instead of a series of shorter occlusions was used in our study to induce hypoxia and acidosis. Atrioventricular delay may be increased due to severely depleted metabolic reserves during the single occlusion. Because the PR marker seems to depend on the precise course of hypoxia, its clinical effectiveness is questionable. A similar observation can be made with regard to PR-HR correlation. For the PR-HR correlation marker, 64 and 36% of alarms for hypoxia were due to respectively an increase above the positive threshold or a decrease below the negative threshold. Therefore, PR and PR-HR correlation are unlikely to be clinically effective markers, which is corroborated by the inconclusive results with regard to these markers found in the clinical trial by Strachan et al (16) .
We assessed Hodges' and Bazett's corrected QT markers because the former is least correlated with HR (17) and the latter is a commonly used correction to the QT interval. Changes in Hodges' and Bazett's corrected QT markers were found to be very sensitive and specific to hypoxia and demonstrated high PPV as well. QT interval length was stable during the baseline period and decreased during hypoxia. This finding is supported by the observations of Oudijk et al. (11) , who demonstrated that QT c,Bazett interval shortening did not depend on HR and was unrelated to normal labor stress. QT shortening may be linked to a catecholamine surge that is released when energy balance in the myocardium becomes negative due to hypoxia and anaerobic myocardial glycolysis starts (11, (18) (19) (20) . The HR-corrected QT interval markers may therefore be useful as specific markers for hypoxia.
Because clinical guidelines for STAN are specified for infants older than 36 wk of gestation, it can be argued that STAN is not applicable to a preterm ovine model, such as the one used here. However, it was demonstrated that the response of the ST waveform to hypoxia is similar in preterm and term ovine fetuses (21, 22) and thus that ST waveform analysis can be reliably performed even in the preterm fetus.
However, STAN-device analogue episodic and baseline rise markers did not differ from normoxic baseline values in 65 and 28% of the fetuses at any point during UCO. The negligible correlation and low sensitivity for these markers indicate that these markers cannot be used to distinguish between hypoxia and normoxia. Our analysis did not provide evidence to support the hypothesis that STAN episodic and baseline markers are clinically useful. Whereas UCO in our model resulted in severe hypoxia and acidemia, in clinical practice, perinatal hypoxia is commonly manifested through multiple shorter periods of hypoxia and is usually less severe. The fact that STAN episodic and baseline rise markers performed poorly under severe hypoxic conditions makes better performance under less severe conditions unlikely.
Waveform-based STAN episodic and baseline rise markers have already been implemented in a clinical device. The poor performance of these markers is thus surprising, yet supported by meta-analyses of clinical trials (5, 6) . As the name suggests, STAN episodic and baseline rise markers assume that hypoxia induces a rise in T/QRS ratio. In our model, several subjects responded to hypoxia by developing more negative T waves (Supplementary Figure S5 online ). This is ignored by focusing solely on positive T/QRS ratio changes. 
Articles
A general disadvantage of waveform-based markers is that the shape of the ECG waveform depends on the orientation of the ECG lead with respect to the heart vector ( Figure 1) . Differences in lead orientation, differences in cardiac anatomy, and differences in cardiac response to hypoxia between individuals cause variance in waveform-based marker values. Interval-based markers do not rely directly on the shape of ECG waveforms. Therefore, interval-based markers are hypothesized to provide more stable performance than waveform-based markers.
As mentioned above, fetuses in this study were exposed to profound hypoxia-ischemia. Because profound hypoxia-ischemia should produce a clear change in any potential marker for hypoxia, our model allowed evaluation and comparison of markers to identify potential markers for hypoxia. Generally, the clinical onset of hypoxia is gradual. In clinical cases, the baseline period is harder to define, and HR patterns are far less predictive (2) . We expect that marker performance in clinical cases will be lower than that reported here.
Conclusion
The most suitable ECG markers for detecting fetal hypoxia were interval-based, rather than waveform-based. Intervalbased markers HR and HR-corrected QT length were able to detect fetal hypoxia in our standardized ovine model and constitute promising markers for detecting hypoxia in human fetuses. In contrast, waveform-based STAN episodic and baseline T/QRS rise markers, which were our analogue of the markers implemented in clinical STAN devices, could not assess severe hypoxia-ischemia.
METHODS

Animals
The study group for this retrospective study consisted of 74 fetuses of both genders of time-mated Texel ewes, measured in the period from February 2010 to November 2013. Five animals were excluded due to incomplete UCOs. The study group was originally set up to investigate processes and treatment of preterm hypoxic-ischemic encephalopathy (23) (24) (25) . The original studies were approved by the local Animal Ethics Research Committee (DEC-UM, Maastricht University, Maastricht, the Netherlands; approval reference numbers: DEC 2010-131, DEC 2012-064) and conducted at the Maastricht University Medical Center, Maastricht, the Netherlands.
Surgical Procedure
Fetuses were instrumented at 101.5 ± 1.2 (mean ± SD) d of gestational age (GA; full gestation equals 146 d). The surgical procedure was described previously (24) . Ewes received intravenous prophylactic antibiotics (1,000 mg amoxicillin and 200 mg clavulanic acid). Anesthesia was induced by i.v. administered thiopenthal (15 mg/kg). After intubation, general anesthesia was maintained with 1 to 2% isoflurane guided by depth of sedation and supplemented by remifentanyl i.v. (0.75 μg/kg/min) for analgesia. During surgery, vital parameters and depth of sedation were continuously monitored by certified personnel. A catheter was placed in the maternal long saphenous vein to provide access for a perioperative saline drip (250 ml/h) and for postoperative blood sampling and administration of prophylactic antibiotics for 4 d. The fetus was exposed through a lower midline laparotomy. Two catheters (3.5 French polyurethane umbilical vessel catheters; Tyco Healthcare Group, Mansfield, MA) were inserted in the brachial vein and femoral artery. A vascular occluder (OC16HD, In Vivo Metric, Healdsburg, CA) was placed around the umbilical cord. Three silver electrodes (5 mm; Cooner Wire, Chatsworth, CA) were fixed s.c. with sutures for continuous fetal ECG recording, forming ECG leads I, II, and III. After repositioning the fetus, an amniotic catheter was inserted into the amniotic cavity and used to fill the cavity with warm sterile saline and 80 mg of Gentamycin. The electrode leads and catheters were exteriorized through the flank of the ewe, and incisions were sutured. After surgery, catheters were continuously perfused with heparinized saline (25 IU/ml, 0.2 ml/h). The ewe and fetus were allowed to recover from surgery for 3 to 4 d. At 105.6 ± 1.0 (mean ± SD) days, the umbilical cord was occluded for 25 min by rapidly inflating the occluder with sterile saline. Blood pressure and HR were monitored, and intermittent blood gas measurements were performed before, during, and after UCO. Animals were housed together when possible and had ad libitum access to water and food. Surgical wounds were inspected daily and treated with chlortetracycline spray to prevent infection. The welfare of the animals was monitored daily by certified personnel. The animals were maintained for 7 d after occlusion. At this point, both ewe and fetus were killed by i.v. administration of pentobarbital (200 mg/kg).
Data Acquisition
ECG data were acquired and digitized by an MPAQ unit (MaastrichtProgrammable AcQuisition System; Maastricht Instruments, Maastricht, The Netherlands) (26) at a sample frequency of 250 Hz in the first 12 fetuses or, after update of the AD-converter, 1,000 Hz in the remaining 57 fetuses. ECG data were analyzed from 4 h before UCO until 4 h after occlusion.
Data Processing
All data processing and analysis was automatically performed using custom scripts in Matlab 2014a (The MathWorks, Natick, MA). The first step of the analysis was pre-processing ECG data for each fetus to derive averaged ECG waveforms (ECG avg ) for every 30 beats. The preprocessing steps are illustrated in Figure 4 . In short, ECG was filtered using a 0.05-100 Hz third-order bidirectional Butterworth bandpass filter and a 50 Hz third-order bidirectional infinite impulse response notch filter to reduce signal drift, high frequency noise, and mains noise (Figure 4a) . To remove major baseline deviations, the ECG was subsequently decomposed using a Daubechies 5-wavelet, up to the 6th (250 Hz) or 8th (1,000 Hz) level (27) . The residual was regarded as a baseline deviation and subtracted from the ECG signal (Figure 4b) . 
Articles
To imitate the unipolar scalp electrode used to record invasive ECG for ST waveform analyses, leads I and II were digitally projected to a negative aVF lead (Figure 4c ). To determine cycle length (CL), and to define a suitable feature for waveform averaging, we determined the position of the Q wave top in the -aVF lead using our adaptation of the Pan Tompkins algorithm (28) (Figure 4d ). Q wave top was used instead of R wave top because the R wave was split in all fetuses. The split R wave tops varied in amplitude and position, and therefore did not represent a stable feature in the ECG. Differences between vertical positions of subsequent Q wave tops were linearly interpolated and subtracted, thus aligning each Q wave top with 0 (Figure 4e ) (29) . To derive ECG avg , we set the 25th percentile of cycle lengths from 30 subsequent individual ECG waveforms (ECG ind ) as CL25. Each of the 30 ECG ind waveforms was truncated in the interval (Q − 0.4 * CL25, Q + 0.8 * CL25). This interval was chosen to capture relevant features and intervals of the ECG waveform. The truncated waveforms were averaged by omitting 30% of the outermost values at each sample point and calculating the mean over the remaining 70% (Figure 4f) . Occasionally, ECG avg thus derived should be omitted due to low signal quality of part of the 30 ECG ind from which ECG avg was derived. Quality of ECG avg was verified by deriving a signalto-noise ratio. This signal-to-noise ratio was defined as the base-10 logarithm of the squared length of ECG avg -a surrogate for true signal variance-divided by the mean squared length of the corresponding 30 ECG ind -a surrogate for noise-induced variance. Waveforms with signal-to-noise ratio below the empirically established threshold of −0.25 were removed from further analysis. Figure 4g illustrates characteristic points, segments, and intervals of the ECG. Q wave onset, P wave onset, R wave top, S wave top, J point, and T wave end were detected in ECG avg using our adaptation of the Pan Tompkins algorithm. Q wave onset and P wave onset were also detected in ECG ind . Q wave onset was used as ECG baseline, since at high HRs, the T wave partially overlaps and merges with the P wave, thereby slanting the PQ segment commonly used to define the ECG baseline.
ECG-Based Physiological Markers
Values for all ECG markers were updated every 30 beats, i.e., at every subsequent derivation of ECG avg . The values of the various markers were calculated as follows.
HR was determined by calculation of the mean HR of the 30 most recent ECG ind (30) . HR variability was calculated by determining the SD of HRs of ECG ind in the previous 5 min (30). Frequency domain markers for HR variability were calculated as defined by van Laar et al. (14) Specifically, spectral power was calculated in the LF (0.04-0.15 Hz) and HF (0.40-1.50 Hz) bands of the RR interval autospectrum for RR intervals in the previous 64 s. Next to LF and HF band spectral power, normalized power was calculated by dividing the LF and HF band spectral power by the total spectral power in the 0.04-1.50 Hz band.
Atrioventricular conduction delay was estimated by the length of the PR interval. The PR interval was defined as the interval between the onset of the P wave and the start of the QRS complex. The PR/RR ratio is calculated for by dividing the PR interval by the RR interval for the 30 most recent ECG ind and calculating their mean value. We used the approach of van Wijngaarden et al. (9) to assess the PR-HR relationship and calculated the Pearson correlation coefficient between PR intervals and HRs of ECG ind in the previous 150 s.
QT interval length represents ventricular activation and repolarization time. The QT interval was defined as the time interval between the onset of the Q wave and the end of the T wave in ECG avg . QT interval length decreases with increasing HR and is therefore corrected for HR to reduce HR dependency. In addition to Hodges' correction (QT c,Hodges = QT + 1.75 (HR − 60)) and Bazett's correction (QT c,Bazett = QT (HR/60) 1/2 ), we also assessed the uncorrected QT interval.
T/QRS ratio was calculated as the maximal positive or negative deflection between S wave top or J point-when present-and the end of the T wave, divided by the amplitude of the QRS complex in ECG avg (Figure 4g) . The clinically used and commercially available STAN device assesses episodic and baseline rise in T/QRS values as ECG markers for hypoxia. Analogue to STAN device alarms, episodic rise in T/QRS value was defined as a positive change between the actual T/QRS value and the median T/QRS value of the previous 10 min (4). Also analogue to STAN device alarms, baseline rise in T/QRS value was defined as a positive change from baseline by comparison of the median T/QRS value of the last 10 min with the baseline T/QRS value (4). The baseline T/QRS value was defined as the lowest nonnegative 
